stated that inhibition analysis is an important basic tool in biochemical studies. For example, Woods and Fildes (1940) and Woods (1940) showed that p-aminobenzoic acid was an essential metabolite for certain microorganisms, for it competitively reversed the inhibition by sulfanilamide.
Few antibiotics are known to antagonize essential metabolites competitively, although with most antibiotics their general sites of attack are fairly well understood, such as the penicillin inhibition of cell-wall synthesis. The reversal of actithiazic acid with biotin was reported by Grundy et al. (1952) , and the reversal of cycloserine with alanine was reported by Bondi, Kornblum, and Forte (1957) . Pittillo and Foster (1953) demonstrated at threshold levels, under very special conditions, a significant difference between the reversal of streptomycin with purine and pyrimidine derivatives, and the reversal of dihydrostreptomycin with phenylalanine. Foster and Pittillo (1953) further demonstrated under similar conditions that riboflavine reversed the inhibition of chlortetracycline.
Another antibiotic competitively antagonized by natural substances is bacillin, shown by Foster and Woodruff (1946) to be produced by a strain of Bacillus subtilis. The antagonist, named antibacillin, was widely distributed in nature; for example, it was present in rabbit whole blood, milk, fungus mycelium, and various other natural sources .
We observed that the antibiotic, bacillin, is reversed by N-acetylglucosamine, a metabolite found in almost all living cells, and we isolated N-acetylglucosamine from natural products rich in antibacillin activity.
MATERIALS AND METHODS
Bacillin. Bacillin fermentation broth, filtered through Super-Cel (Johns-Manville, New York, N.Y.), was used for the inhibition of the test organism, Escherichia coli (ATCC 9637). Foster and Woodruff (1946) reported that two or more antibiotics were produced in organic media by B. subtilis. A second antibiotic in the assay agar plates prevented clear reversal of bacillin inhibition by antibacillin. Therefore, a synthetic medium was employed to produce only the one antibiotic, bacillin, in the fermentation liquor.
The synthetic medium for the production of bacillin consisted of the following (per liter): glucose, 10.0 g; a-alanine, 2.5 g; K2HPO4, 0.5 g; MgSO4.7H20, 0.5 g; MnSO4-5H20, 0.01 g; pH adjusted to 7.0.
Medium at a volume of 250 to 500 ml was sterilized by autoclaving 10 min at 120 C in cotton-plugged 2-liter Erlenmeyer flasks. After sterilization, the medium was inoculated with the bacillin-producing strain of B. subtilis (ATCC 14807). Incubation was carried out stationary at 28 C until a good titer of antibiotic was produced, approximately 100 dilution units per ml as indicated by an E. coli streak-plate dilution method using glucose-asparagine agar. Frozen filtered bacillin fermentation broth was found to be stable for several months.
Assay of antibacillin. One antibacillin unit is the amount of material that completely reverses the inhibition of E. coli by 1 dilution unit of antibiotic in the streak-plate dilution assay. This 1148 VOL. 84, 1962 cultures, but the zones were less defined for reading on a Quebec Colony Counter.
The amount of bacillin added to the agar was not critical for the performance of the assay. The addition of more or less bacillin to the agar merely decreased or increased the zones of growth, respectively, by a given amount of antibacillin, but the slope of the assay response curve remained constant.
RESULTS
Four-hundred known compounds were tested for antibacillin activity. All compounds were initially screened in a solid state; that is, small amounts of crystals or powder of the various growth factors and other biologically active compounds were placed upon the seeded assay agar containing bacillin.
Several compounds showed some degree of bacillin reversal by this method of preliminary screening. Of the most active compounds, 11 were then assayed on a weight basis (Table 1) . Most of these compounds are related by containing a peptide linkage.
Various natural organic materials were assayed for a source of antibacillin. Star Lac (powdered skim milk) was found to contain 2 dilution units of antibacillin per mg, and was used for the isolation of pure antibacillin. It was also employed as the assay standard ( (Table 3) on the methanol solution, at a 25-fold purification, indicated that the crude concentrate contained two active substances. The slower-moving minor factor was discarded in the precipitate during the subsequent isolation process.
Washed Penicillium chrysogenum and Streptomyces griseus mycelial cakes suspended in water (10 g/100 ml) and autoclaved 15 min at 120 C contained antibacillin activity. The clear aqueous filtrates were concentrated. Bioautographs of these concentrates gave only one active zone that corresponded in mobility to the more active zone in the Star Lac.
The major active factor was purified and crystallized by the above procedure from Star Lac and found to have a potency of about 2,000 units per mg, with a melting range from 200 to 208 C.
The crystalline material was identified as N-acetylglucosamine.
The effect of N-acetylglucosamine is not specific for E. coli. It was also effective in reversing the antibiotic action of bacillin on the gram-positive Staphylococcus aureus as well as on the gram-negative Salmonella typhimurium and Proteus vulgaris (Table 4) .
N-acetylglucosamine was specific in reversing only the inhibition of bacillin. It did not reverse DISCUSSION N-acetylglucosamine is widely distributed in nature and is the "ground substance" of all animal cells. Its importance in bacteria is in the structure of the rigid cell wall and it varies in concentration, according to genus, from 2 to 30% of the wall matrix (Salton, 1960) . Park (1958) demonstrated that cells grown in the presence of penicillin accumulate a nucleotide (a uridine pyrophosphate N-acetylamino sugar peptide) implicated in cell-wall biosynthesis. He suggested that "penicillin interferes with cell-wall synthesis by preventing the incorporation of the N-acetylmuramic acid peptide fragment into the cell wall. It is to be expected that any condition which seriously limits the availability of this fragment or its component parts would inhibit the growth of bacteria much as penicillin does."
The competitive relationship of bacillin with N-acetylglucosamine indicates that bacillin may block the cell-wall synthesis at an earlier stage than does penicillin. It may be that bacillin either inhibits the synthesis of N-acetylglucosamine itself or blocks its incorporation into the N-acetylmuramic acid nucleotide. Addition of N-acetylglucosamine to the bacillin-inhibited cells permits renewed growth of the cells in the presence of bacillin.
It is interesting that galactose-acetylglu-J. BACTERIOL. cosaminide, which also has some antibacillin activity, has been implicated in cell-wall biosynthesis (Zilliken, 1959) .
